The duration of the systolic time intervals in nondigitalized patients with heart failure was determined from simultaneous fast speed recordings of the electrocardiogram, phonocardiogram, and carotid arterial pulsation. These were compared with the systolic time intervals corrected for heart rate and sex in 211 normal subjects. The failing left ventricle is characterized by a prolongation in the systolic pre-ejection period and a diminution in the left ventricular ejection time while total electromechanical systole remains relatively unaltered. Both components of the pre-ejection period, the Q-1 interval and the isovolumic contraction time, were prolonged. These alterations in the phases of systole occur in the absence of a measurable change in ventricular depolarization time. The prolongation in the pre-ejection period is well correlated with the reduced stroke volume and cardiac output in heart failure and is independently augmented by high levels of arterial pressure. The abbreviation in left ventricular ejection time is also correlated significantly with the stroke volume and cardiac output. It is postulated that a defect in the mechanical performance of the heart is responsible for the abnormal systolic time intervals in human heart failure. 
Phonocardiogram
Stroke volume ognized almost a century ago. Garrod' in 1874 described the inverse relationship between heart rate and the ejection phase of left ventricular systole. Employing sphygmographic recordings of the arterial pulse, Bowen2 described the effect of exercise on the systolic ejection period and Lombard and Cope3 demonstrated the influence of posture and sex on this phase of systole. The contemporary use of simultaneous photographic recordings of the electrocardiogram, the heart 149 sounds, and the central arterial pulse to measure the systolic phases of the cardiac cycle was introduced by Katz and Feil. 4 Studies in recent decades on alterations in cardiac performance in human heart failure have focused largely on measures of flow, pressure, and cardiac chamber volume while changes in the systolic intervals have received relatively little attention. Blumberger5 and Jezek6 reported that patients with left ventricular failure exhibited prolongation of the pre-ejection phase and abbreviation of the ejection period of systole. In an attempt to determine whether these abnormalities in the systolic time intervals might offer a quantitative estimate of cardiac performance in heart failure, the present investigation of the relationship between hemodynamic alterations and the duration of the phases of ventricular systole was initiated.
Method
The duration of the, phases of left ventricular systole was measured from simultaneous recordings of the electrocardiogram, the phonocardiogram, and the carotid arterial pulse tracing employing a multichannel photographic system (Electronics for Medicine DR-8). A chest pneumogram was recorded as well. The recordings were obtained at a paper speed of 100 mm/sec ( fig. 1 ). The electrocardiographic lead most clearly demonstrating the onset of ventricular depolarization (usually lead II or a precordial lead) was employed. A microphone (Peiker) was placed over the upper part of the precordium in a position optimal for recording the initial high frequency vibrations of the first and second heart sounds. Two microphones were sometimes necessary to define the initial vibrations of both sounds. Observations on inspiratory splitting of the second heart sound and the relationship of the carotid incisura to the vibrations of the second sound were used to confirm the aortic component of the second sound. The carotid arterial pulsation was recorded with a funnel-shaped pick-up attached by polyethylene tubing (length, 8 cm; internal diameter, 4 mm) to a Statham P23Db strain gauge. The system was air-filled and was amplified to maximum gain. The funnel was placed firmly over the carotid artery with the gauge vented to air. The vent was then closed manually to record the pulse.
The following phases of the cardiac cycle were measured directly: (1) The total electromechanical systolic interval (QS2) was measured from the onset of the QRS complex to the first high frequency vibrations of the aortic component of the second heart sound; (2) the left ventricular ejection time (LVET) was measured from the beginning upstroke to the trough of the incisura of the carotid arterial pulse tracing; and (3) the interval between the first and second heart sounds (SIS2) was measured from the onset of the first heart sound to the beginning of the aortic component of the second heart sound. Only recordings clearly demonstrating the beginning of the upstroke and the trough of the incisura were employed for measurement of the left ventricular ejection time. The S1S2 interval was measured only if the initial vibrations of the first and second heart sounds were clearly defined.
The following intervals were calculated from the above measurements: (1) the pre-ejection Figure 1 Simultaneous recording of the heart sounds, the carotid arterial pulse tracing, and the electrocardiogram in a normal subject (paper speed, 100 mm/sec; time markers, 0.02 sec). QS2 -total electromechanical systole; SlS2= heart sounds interval; LVET = left ventricular ejection time; PEP = pre-ejection period; Q-1 =interval from onset of QRS to first heart sound; ICT = isovolumic contraction time. Regression equations relating heart rate and the systolic time intervals in normal individuals were calculated with a programmed computer (IBM 7094). The deviations from the normal in the QS2, LVET, PEP, and Q-1 intervals among the patients were calculated as the difference between the observed interval and those predicted from the normal regression line for heart rate and sex. These deviations could be calculated from the regression equations, as the difference between the observed and predicted regression values for the heart rate, or from the plotted regression lines. The ICT intervals in patients with heart failure were compared to the normal mean value for males and females since this interval followed no significant regression with respect to heart rate. Statistical analyses were performed according to Snedecor.8 Results
Systolic Time Intervals in Normal Individuals
The relationships in normal individuals between heart rate and the duration of the phases of left ventricular systole are summarized in table 1 . The duration of electromechanical systole (QS2), the left ventricular ejection time (LVET), and the pre-ejection period (PEP) were related inversely and linearly to heart rate. The diminution in QS2 with increasing heart rate reflected a summation of a major negative slope of the LVET and a lesser negative slope of the PEP with respect to heart rate. The slopes of the regression equations relating heart rate and the QS2, LVET, and PEP did not vary with sex. However, the QS2 relative to heart rate was longer by an average of 11 msec (P < 0.01) in females than males. This prolongation in QS2 was accounted for by the greater duration of the LVET relative to heart rate among the females. The inverse relationship of PEP to heart rate reflected largely a diminution of Abbreviations: SD -sample standard deviation from regression in seconds; QS2 -total electromechanical systole; PEP = pre-ejection period; LVET = left ventricular ejection time; S1S2 = interval between first and second heart sounds; Q-1 = interval between onset of ventricular depolarization and first heart sound; ICT = calculated isovolumic contraction time; HR = heart rate.
the Q-1, while the ICT remained relatively constant, with increasing heart rate. The duration of the PEP, Q-1, or ICT did not vary significantly with sex. The mean QRS duration in the normal female group, 0.078 sec (SD + 0.010), was slightly less than that of the males, 0.085 sec (SD ± 0.011). Figure 2 The duration of electromechanical systole (QS2) in 27 patients with congestive heart failure (-) compared to the normal regression line (± 1 SD) for heart rate.
heart failure are presented in table 2. Hemodynamic observations are summarized in ta- HEART RATE Figure 3 The duration of the pre-ejection period (PEP) in 27 patients with congestive heart failure (e) compared to the normal regression line (± 1 SD) for heart rate. 
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Abbreviations: Dx -diagnosis; HR = heart rate; ASHD = arteriosclerotic heart disease; HCVD = hypertensive cardiovascular disease; PMD -primary myocardial disease; SEM = standard error of the mean; SED -standard error of the mean deviation from normal. For systolic time intervals see table 1. corrected for the mean difference of 11 msec PEP and the LVET to the levels of cardiac between the normal male and female values index and stroke index among the patients for QS2 and LVET.
with heart failure are illustrated in figures The patients with heart failure had long 5 
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To assess the contributions of peripheral resistance and arterial pressure to the deviations in PEP and LVET relative to heart rate, these deviations were correlated with the mean and diastolic arterial pressure, the calculated peripheral resistance, the ratios of mean and diastolic arterial pressure to stroke index (MAP/SI and DP/SI), and the prod- The duration of left ventricular ejection (LVET) in 27 patients with heart failure (.) compared to the normal regression line (+ 1 SD) for heart rate.
arterial pressure. The data are summarized in table 4 . Maximum correlations were found between the deviation in the PEP and the total peripheral resistance, MAP/SI and DP/ SI. This suggests that the deviation in PEP is related not only inversely to measures of flow but directly to arterial pressure as well. In contrast, the inclusion of pressure did not improve the correlation of the deviation in LVET with measures of flow.
Among the patients with heart failure, the deviation in PEP relative to heart rate (APEP) was related to stroke index by the linear equation: APEP=-1.7 SI+85.9 (P<0.01; for regression coefficient, sample SD from regression ± 0.014 sec). To analyze further the effect of arterial pressure on the deviation in the PEP, the distribution of points about this regression line was plotted against the mean and diastolic arterial pressure ( fig. 7 ). Below either a mean arterial pressure of 110 mm Hg or a diastolic arterial pressure of 90, the APEP was randomly distributed relative to stroke index. At higher pressure levels, however, the values for the APEP tended to cluster above the regression line. Thus, in patients with heart failure, the prolongation in PEP STROKE INDEX (ml./min./mF) Figure 5 The relationship of the deviation in PEP from the normal regression equation for heart rate to the stroke index and cardiac index in 19 patients with heart failure (-). The relationship of the deviation in LVET from the normal regression equation for heart rate to the stroke index and cardiac index in 19 patients with heart failure (a). relative to heart rate not only correlated well with the diminished stroke volume but also appeared to be independently augmented by a high level of mean and diastolic arterial pressures. The additive influence of high pressure on the prolongation in PEP accounted for the slightly better correlation when measures of arterial pressure were expressed proportional to the stroke index. A similar influence of arterial pressure on the deviation in LVET could not be demonstrated. Except for the effects of hypertension on the PEP, the deviation in the systolic intervals was unrelated to the etiology of the heart disease.
Discussion
The systolic time intervals in man can be conveniently determined from simultaneous recordings of the electrocardiogram, the phonocardiogram, and the carotid arterial pulsation. The validity of the measurements depends upon a clear definition of the onset of the QRS, the onset of the first and second heart sounds, and the beginning and end of ejection. Each patient in this study showed a sharp onset and normal duration of the QRS complex and a well-demarcated initial deflection of the aortic component of the second heart sound. The interval between the heart sounds was determined only when the initial vibrations of each heart sound were clearly inscribed. The ejection period was measured only when the beginning of the carotid upstroke and the notch of the incisura were clearly delineated. These landmarks for the beginning and end of the ejection period can The relationship of diastolic and mean arterial pressures to the variation in the pre-ejection period (APEP(8S)) about the regression equation relating the deviation in the pre-ejection period for heart rate to the stroke index (APEP =-1.7 SI + 85.9).
be identified with precision when careful attention is given to the placement of the pulse pickup, to minimizing venous pulsation on the tracing, to amplification of the transducer signal, and to examination of minute details of the initial upstroke and the incisura of the arterial pulse as displayed on the oscilloscopic image. The prolonged pre-ejection period in heart failure could be caused by a prolongation of ventricular depolarization, an elevation of diastolic arterial pressure, an increased electromechanical delay, or a diminished rate of left ventricular pressure rise during the isovolumic contraction period. The first two possibilities can be excluded since our patients with heart failure had a normal duration of ventricular depolarization while those with arteriosclerotic or primary myocardial disease had normal diastolic arterial pressures. This suggests that the prolonged pre-ejection period in heart failure is due either to a delay in the onset of mechanical systole relative to the initiation of ventricular depolarization (electromechanical delay), a phenomenon not known to occur in heart failure, or to a diminished rate of isovolumic pressure rise. As the present study shows, both subdivisions of the pre-ejection period, the Q-1 interval and the isovolumic contraction time, are prolonged in patients with heart failure. The prolonged Q-1 interval could reflect an increased electromechanical delay or a reduced rate of left ventricular pressure rise prior to the first heart sound.
Since electromechanical delay, as defined here, ends before isovolumic contraction begins, an increase in this delay cannot be considered a cause for the prolongation of the isovolumic contraction time in heart failure. Previous studies have demonstrated that the maximum rate of isovolumic systolic pressure rise is reduced in patients with left'6 or right heart failure.17 Thus, a principal cause for the prolonged pre-ejection period in heart failure would appear to be a diminished rate of isovolumic left ventricular pressure rise. The possibility of an additional contribution by an increase in electromechanical delay has not been excluded.
In patients with heart failure the prolongation of the pre-ejection period and the shortening of the ejection time correlate remarkably well with the reduced stroke volume and cardiac output. This close relationship between the temporal and flow abnormalities raises the possibility that both may be caused by the same underlying defect (s) in the mechanical performance of the heart. Spann and associates'8 recently determined the isometric length-tension and the force-velocity curves for papillary muscles taken from the failing right ventricle of the cat. The studies of Spann and associates demonstrate that the intrinsic contractile state of the myocardium from failing hearts as reflected in the maximal isotonic velocity and isometric tension and in the active length tension curves is decreased in heart failure. This myocardial contractile abnormality, as well as possible defects in the number, organization, and synchrony of the myofibers, may be primary causes of the altered systolic time intervals and stroke volume in patients with heart failure. According to this view, the pre-ejection period is prolonged because, at any level of Circulation, Volume XXXVII, February 1968 end-diastolic volume, a deficient rate of myocardial force development secondary to any, or all, of these factors increases the time required for the intraventricular pressure to reach arterial diastolic levels. Since the duration of total electromechanical systole is essentially unaltered in patients with heart failure, this lengthening of the isovolumic period of ventricular contraction might encroach on, and possibly shorten, the subsequent systolic ejection period. A reduced velocity of myocardial fiber shortening during the ejection period would diminish the stroke volume, especially if the time available for ejection were limited. Substantiation of these hypotheses requires direct studies of the myocardial contractile state in human heart failure.
In contrast to the present observations of a normal QS2 interval in heart failure, Krayenbfihl and associates'9 found an abbreviation of this interval in 17 of 57 patients with heart failure. The reasons for this difference from our data are not entirely clear. Recent studies in this laboratory have demonstrated that the administration of cedilanid-D decreases the duration of electromechanical systole in heart failure. Perhaps digitalis therapy explains the abbreviated electromechanical systole found in some of the patients studied by these investigators.
